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We report a method for controlling the exposed facets and hence the dimensionality and shape of
ZnO nanocrystals using a non-hydrolytic aminolysis synthesis route. The effects of changes to
reaction conditions on ZnO formation were investigated and possible self-assembly mechanisms
proposed. The crystal facet growth and hence morphologies of the ZnO nanocrystals were controlled
by varying reaction temperature and the reactant ratio. Four distinct ZnO nanocrystal types were
produced (nanocones, nanobullets, nanorods and nanoplates). The relative photocatalytic activities
of the exposed facets of these ZnO nanostructures were also examined, which showed the activities
obviously depended on the reactivity of exposed crystal facets in the order: {1011} .. {0001},
{1010}.
1. Introduction
Crystalline metal oxides are used as active device components in
a wide range of research fields. Frequently the aim of these
studies is to exploit nanoscale effects on their optical, electric and
magnetic properties for optoelectronic and related applications.1
To this end, in the last decade, considerable effort has been
devoted to the controllable synthesis of nanocrystals with
reduced dimensionality and well-defined morphologies because
the exposed crystal facets can often determine their properties
and activities.2–5 Among these materials, zinc oxide nanocrystals
have attracted great attention because of their potential
application in fields such as solar cells,6–8 photocatalysis,9 UV
lasing,10 chemical sensing11–13 and electricity generation14–16
from ZnO nanorod arrays. Due to the promising perspectives for
ZnO in these areas, a large number of ZnO synthesis techniques
have been developed for these purposes. Among these synthesis
techniques, wet-chemical methods are of interest since they are
very versatile with regards to the controlling of nanocrystal
structures, compositions and morphologies.17,18 Wet-chemical
methods can basically be divided into hydrolytic and non-
hydrolytic methods, depending on whether water is involved in
the reaction procedure. Conventionally, ZnO nanostructures are
prepared by hydrolytic methods using autoclaves (also known as
hydrothermal methods) because of factors such as ease of scale-
up and convenience. In order to obtain monodisperse samples,
surfactants such as sodium dodecyl sulfate are often applied to
control the growth and morphologies of ZnO samples.19–21
However, surface-adsorbed surfactants can have unpredictable
influences on the passivation, reactivity and the segregation of
nanocrystal surface properties, which are critical when it comes
to catalysis and gas sensing applications for instance.22–25 Non-
hydrolytic methods provide a promising alternative approach to
preparing nanocrystalline materials. Originally reported by
Ebelman26 and Graham,27 non-hydrolytic synthesis studies on
silica gel has since been extended to the synthesis of metal oxides,
binary metal oxides and multi-metal systems such as perovs-
kites28 and spinels.29 The preparation of ZnO by non-hydrolytic
methods was recently reported using the ester elimination
reaction between zinc acetate and 1,12-dodecanediol,30 followed
by Chin’s similar work using alkyl-amine medium.31 Meanwhile,
benzyl alcohol and other alcohols have also been used to prepare
ZnO nanostructures.1,32 The ‘‘benzyl alcohol route’’ was further
developed for the preparation of other metal oxides and organic–
inorganic hybrid nanomaterials.33,34 It is important to note that
the synthesis protocol for a particular nanomaterial by these
methods often involves more than one mechanism, such as a
combination of alcoholysis and thermal decomposition of zinc
precursors which occurs at high temperature, resulting in
incomplete understanding of the mechanism route.
Crystalline materials provided with differently exposed facets
are likely to have different properties and activities, useful in a
variety of applications. For example, anatase TiO2 crystals with
exposed {001} facets have demonstrated enhanced energy
conversion efficiency for dye-sensitized solar cell applications.35
The {111} surfaces of rutile TiO2 nanocrystals show excellent
photocatalytic, antibacterial activity due to providing active OH
species under irradiation.36 The photo-degradation activity of
a-Fe2O3 under visible light has also been shown to be strongly
depended on the exposed crystal facets in the order {110} .
{012} .. {001}.37 Moreover, ZnO {0001} crystal facets have
been found to be more active than {0001¯} or {101¯0} facets in
Discipline of Chemistry, Queensland University of Technology, 2 George
St., Brisbane, (QLD), 4000, Australia. E-mail: e.waclawik@qut.edu.au;
Fax: +61 07 3138 1804; Tel: +61 07 3138 2579
{ Electronic Supplementary Information (ESI) available. See DOI:
10.1039/c2ce25154j/
CrystEngComm Dynamic Article Links
Cite this: DOI: 10.1039/c2ce25154j
www.rsc.org/crystengcomm PAPER
This journal is  The Royal Society of Chemistry 2012 CrystEngComm
D
ow
nl
oa
de
d 
by
 Q
ue
en
sla
nd
 U
niv
ers
ity
 of
 T
ec
hn
olo
gy
 on
 03
 M
ay
 20
12
Pu
bl
ish
ed
 o
n 
20
 M
ar
ch
 2
01
2 
on
 h
ttp
://
pu
bs
.rs
c.
or
g 
| do
i:1
0.1
039
/C2
CE
251
54J
View Online / Journal Homepage
both photocatalytic and gas sensing applications.9,38,39 The
photocatalytic activities of other crystal facets such as ZnO
{101¯1} facets have not been reported yet.
In this work, therefore, ZnO nanocrystals with different
exposed facets, i.e. {101¯1}, {101¯0}, {0001} and {0001¯} were
prepared via a non-hydrolytic method. The morphologies and
crystal facets of these ZnO nanostructures were controlled by
varying the reaction temperature and reactant ratio. The
probable formation mechanism is discussed and explained for
each ZnO nanocrystal. The influence of different synthetic
mechanisms on the growth of ZnO nanocrystals were illustrated
by the controllable synthesis of desired morphologies. Finally,
the photocatalytic activities of these ZnO nanocrystals were
examined and the reactivity of different crystal facets was
investigated.
2. Experimental
2.1 Materials
Anhydrous zinc acetate (Zn(OAc)2, Sigma-Aldrich, 99.99%),
benzyl ether ((C6H5CH2)2O, Sigma-Aldrich, 98%), benzylamine
(C6H5CH2NH2, Sigma-Aldrich, 99%), Rhodamine B ([9-(2-
carboxyphenyl)-6-diethylamino-3-xanthenylidene]-diethylammo-
nium chloride or Rh B, Sigma-Aldrich, 95%). All chemicals were
used as received without further purification or distillation.
2.2 Sample synthesis
ZnO nanocones. All synthetic procedures were conducted
under a nitrogen atmosphere using standard Schlenk techniques.
To prepare ZnO nanocones, anhydrous Zn(OAc)2 (0.183 g,
1 mmol) was added into benzyl ether (10 mL), then the mixture
was heated at 170 uC. When zinc acetate was dissolved,
benzylamine (1.07 g, 10 mmol) was injected into the solution
and heated for a further 24 h. After reaction, the solution was
cooled down to room temperature, and the white precipitate
was separated by centrifugation. The resulting white powder was
washed several times with acetone and dried in a vacuum oven at
90 uC for 12 h.
ZnO nanobullets. Anhydrous Zn(OAc)2 (0.183 g, 1 mmol) was
added into benzyl ether (10 mL) and the mixture was heated at
210 uC for 1 h. Then benzylamine (1.07 g, 10 mmol) was
injected into the solution and heated for a further 5 h at the
same temperature. After reaction, the solution was cooled down
to room temperature, and the white precipitate was separated
by centrifugation. The resulting white powder was washed
several times with acetone and dried in a vacuum oven at 90 uC
for 12 h.
ZnO nanorods. Anhydrous Zn(OAc)2 (0.183 g, 1 mmol) was
added into benzyl ether (10 mL) and the mixture was heated at
210 uC. Then benzylamine (0.107 g, 1 mmol) was injected into
the solution and heated for a further 5 h at the same tempera-
ture. After reaction, the solution was cooled down to room
temperature, and the white precipitate was separated by
centrifugation. The resulting white powder was washed several
times with acetone and dried in a vacuum oven at 90 uC for 12 h.
ZnO nanoplates. Anhydrous Zn(OAc)2 (0.183 g, 1 mmol) and
benzylamine (4.28 g, 40 mmol) were added into benzyl ether
(10 mL). Then the mixture was heated rapidly to 220 uC and
refluxed for a further 5 h. After the reaction, the solution was
cooled down to room temperature, and the white precipitate
was separated by centrifugation. The resulting white powder was
washed several times with acetone and dried in a vacuum oven at
90 uC for 12 h.
2.3 Characterization
The structure, morphology and crystalline nature of the samples
were characterized by X-ray diffraction spectrometry (XRD,
PANanalytical XPert Pro Multi Purpose Diffractometer) using
Cu-Ka radiation (l = 0.154178 nm), field-emission scanning
electron microscopy (FE-SEM, JEOL 7001F), transmission
electron microscopy (TEM, JEOL 1010) and high resolution
transmission electron microscopy (HR-TEM, JEOL 2100).
Electronic absorption spectra were obtained using a UV-vis
spectrometer (Varian, Cary 100). FT-IR spectra of as-prepared
samples were collected on Perkin-Elmer 1000 with microscope at
resolution of 4 cm21 and 64 scans.
2.4 Photocatalytic activity measurements
The photo-degradation of Rhodamine B dye (Rh B) was used to
study the photocatalytic properties of the three ZnO nanocrys-
tals. For each measurement, 0.02 g ZnO powder was added into
a glass vial containing 10 mL deionized water. After sonication,
10 mL Rh B dye (1.0 6 1025 mol L21) was added into above
solution and the mixture was stirred in the dark for 30 min. Then
the suspension was stirred and irradiated with a Black Ray UV
lamp (365 nm, 100 W, Ultra-Violet Products, Inc.). The samples
with different reaction times were taken out and centrifuged for
the absorbance measurements. The quantity of Rh B in solution
was determined by the absorption intensity at 554 nm, the main
absorption peak of Rh B dye.
3. Result and discussion
Four ZnO nanocrystal types were synthesized from anhydrous
zinc acetate by non-aqueous, aminolysis using benzylamine
(BA). By controlling the reaction conditions carefully and
making subtle variations to the synthesis procedure, the synthesis
mechanism for each ZnO nanocrystal type could be understood.
The first nanostructure was obtained by simply heating zinc
acetate and benzylamine in benzyl ether solvent at 170 uC for
24 h. Fig. 1a shows the X-ray diffraction (XRD) pattern of the
obtained white powder, which was consistent with that of the
wurtzite ZnO crystal structure (P63 mc, a = 3.249 A˚, c = 5.206 A˚,
JCPDS, 36–1451). Fig. 1b displays the representative field-
emission scanning electron microscopy (FE-SEM) image of the
ZnO nanocrystals. The transmission electron microscopy (TEM)
images (Fig. 1c, d) show that these nanocrystals were well shaped
ZnO nanocones with an average size of 100 nm width 6 100 nm
height. The inset of Fig. 1c exhibits the side (top-left) and tilted
(bottom-left, X = 41.1u, Y = 0) views of a single ZnO nanocone.
The measured angle between the edge and the basal plane of this
ZnO nanocone was approximately 58u. Fig. 1d confirms the
morphology as hexagonal nanocones, where the top-view of the
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nanostructure is marked by red dashes. To investigate the
crystalline nature of the ZnO nanocones, the selected area
electron diffraction (SAED) pattern of the marked nanocone in
Fig. 1d was obtained and shown in Fig. 1e. The pattern shows
that the [0001] zone axis of the hexagonal cone was surrounded
by {101¯0} planes. From the SAED pattern and the angle
between the edge and the basal plane of the hexagonal cones, we
identified the exposed six side surfaces as {101¯1} facets. Fig. 1f
shows a model of a ZnO hexagonal nanocone with 30% {0001¯}
facets as base and 70% {101¯1} facets as side surfaces.
Before discussing the formation mechanism of the ZnO
nanocone structure, it should be noted that wurtzite ZnO
crystals often grow along the [0001] direction with crystal facets
of: a top polar zinc (0001) facet, six nonpolar {101¯0} facets
parallel to the [0001] direction, and polar oxygen {0001¯} plane.40
The nonpolar {101¯0} facets are more stable than polar (0001)
and (0001¯) facets because {101¯0} facets have relative lower
surface energies.41 For ZnO nanocones, however, high-energy
{101¯1} facets were exposed instead of the more stable {101¯0}
facets. We speculated that crystal termination on the {101¯1}
facet could be favoured by applying benzylamine in the reaction
system. Here, benzylamine not only acted as reaction agent in the
aminolysis of Zn(OAc)2 process but also as a capping agent to
stabilize the {101¯1} planes. Mechanisms previously suggested for
formation of ZnO nanostructures in alcohol or amine1,30,31
solutions do not apply to the particular set of reaction conditions
employed here because those other reaction schemes pertain to
thermal decomposition or mixed alcoholysis with aminolysis
routes. This makes it difficult to relate the figures of these
different reaction mechanisms to the present study. Here, ZnO
nanocones were obtained at 170 uC where aminolysis was likely
to be the preferred mechanism simply because zinc acetate does
not decompose to ZnO at this temperature without benzylamine.
Scheme 1 shows the suggested formation mechanism of the ZnO
nanocone sample. In the beginning of the reaction, benzylamine
is coordinated with Zn2+ to form Zn(OAc)2-BA complex. Then,
the aminolysis reaction takes place via a nucleophilic substitution
(SN2) type mechanism between benzylamine and the acetate group
of Zn(OAc)2, to form zinc hydroxide and N-benzylacetamide.
Finally, zinc hydroxide was transformed into ZnO through
dehydration at the reaction temperature.
To elucidate the proposed mechanism, we recorded the FT-IR
spectra of neat Zn(OAc)2 and benzylamine, Zn(OAc)2 treated by
benzylamine at 100 uC and the separated residue after heating for
24 h at 170 uC. As shown in Fig. 2, the CLO asymmetric
stretching vibration of Zn(OAc)2 at 1555 cm
21 red shifted by
y17 cm21 when it was heated with benzylamine at 100 uC. This
could be due to the formation of Zn(OAc)2-BA complex and the
donor NH2 group sharing its lone-pair of electrons with the Zn
2+
ions. After heating for 24 h at 170 uC, white ZnO product was
separated by centrifugation and the reaction residue exhibited a
new peak at 1648 cm21 which was attributed to the stretching
vibration of CLO group in amide,42 i.e. the byproduct shown in
Scheme 1.
To investigate the growth process of the nanocone structure,
as-prepared samples were removed from the reaction vessel at
different reaction times (1 h, 3 h, 8 h and 24 h) for XRD and
TEM characterization. The XRD result shows that wurtzite ZnO
crystal was formed at the beginning of the reaction (Fig. S1). The
peaks were slightly sharper as the reaction time increased,
indicating the growth of nanocrystals. As shown in Fig. 3a, in the
first 1 h of the reaction, ZnO crystal aggregates quickly formed
which were self-assembled from several irregular triangle-shape
nanocrystals. In the following hours (3–8 h), ZnO nanocrystals
grew further and partially changed into hexagonal cones by the
recrystallization of self-assembled nanocrystals (Fig. 3b). Fig. 3c
shows a nanocone only partially-created at the 8 h stage of the
reaction, indicating ZnO cones grow in the direction from base
to top through self-assembly and recrystallization processes.
Scheme 1 Proposed formation mechanism of the ZnO nanocone sample
by the reaction between zinc acetate and benzylamine.
Fig. 2 FT-IR transmission spectra in the full range (left) and magnified
scale (right) for (a) benzylamine, (b) Zn(OAc)2, (c) Zn(OAc)2 treated by
benzylamine at 100 uC and (d) reaction residue after reaction at 170 uC
for 24 h.
Fig. 1 (a) XRD pattern of the white powder product synthesized from
Zn(OAc)2 and benzylamine at 170 uC in benzylether solution (BA/Zn
2+
molar ratio = 10). (b) FE-SEM image of the morphology of the prepared
white powder, the scale bar is 100 nm. (c) TEM image of the as-prepared
ZnO nanocone product; the insets show the side view of a nanocone (left-
top) and the tilted (X = 41.1u, Y = 0) view of the nanocone (left-bottom).
(d) Enlarged TEM image with the top view of a nanocone. (e) SAED
pattern of the ZnO nanocone marked in (d). (f) Schematic model of a
ZnO hexagonal nanocone.
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After complete growth, the ZnO nanocones were found to be
attracted to each other either in a head-to-head or tail-to-tail
fashion along the c-axis of [0001] direction (Fig. 3d). Structurally
and electronically ZnO nanocrystal colloids are highly aniso-
tropic. Fig. S2 shows the HRTEM image of the final product
along the [0001] zone axis with the lattice spacing of 0.28 nm,
corresponding to the distance between {101¯0} planes. It is
generally accepted that each ZnO nanocrystal possesses a dipole
moment (D) along the 0001 axis. In aqueous ZnO systems D
tends to reduce as the ZnO crystals assemble and grow.43
Considering the uni-directional nature of the dipole of each ZnO
nanocone, the favored self-assembly pattern is likely to be head-
to-tail. The un-favored head-to-head and tail-to-tail assembly
observed in Fig. 3d could be due to the excluded volume
interactions contributed by the benzylamine and benzyl ether. In
hydrolytic synthesis of ZnO, side reactions have been demon-
strated to have a significant influence on nanocrystal assembly/
disassembly.43 Another factor determining formation of the ZnO
nanocone structures was the combined effect of benzyl ether/
benzylamine solution which controls the self-assembly and
recrystallization process. It was found that in the absence of
benzylamine, ZnO could not be obtained unless the temperature
was increased to 210 uC in benzyl ether. In this case, ZnO was
produced by the thermal decomposition of zinc acetate. The
morphology of the ZnO product under these conditions is shown
in the ESI Fig. S3a,{ which was more like nanosheets instead of
nanocones. On the other hand, ZnO was readily produced in
neat benzylamine at 170 uC or an even lower temperature.
However, below 170 uC conditions the morphology was not well-
shaped (Fig. S3b). If the solvent benzyl ether was replaced by
dimethyl sulfoxide (DMSO), aggregated ZnO nanoparticles were
obtained in the presence of benzylamine (Fig. S3c).{ These
results show that ZnO tends to grow into nanosheets through the
thermal decomposition route in the benzyl ether solvent. The
ZnO cone morphology was favored in non-polar solvents (such
as benzyl ether) instead of polar solvents (such as DMSO). This
was because the growth rate of ZnO was much slower in benzyl
ether than in DMSO, which was critical to the preparation of
nanostructures with high-energy crystal facets. This explanation
is consistent with the fact that a polar aprotic solvent often
speeds up the aminolysis reaction operating under a nucleophilic
substitution (SN2) type mechanism.
44
In addition to the above method, a step-by-step strategy was
next applied to the synthesis of alternative ZnO nanostructures.
Firstly, Zn(OAc)2 was heated in benzyl ether at 210 uC to form a
crystal seed. Then benzylamine (BA/Zn2+ molar ratio = 10) was
injected into the solution to conduct the aminolysis reaction
between zinc acetate and benzylamine. The obtained powder
sample was confirmed as wurtzite ZnO crystal structure (P63 mc,
a = 3.249 A˚, c = 5.206 A˚, JCPDS, 36–1451) by XRD pattern in
Fig. 4a. The representative FE-SEM and TEM images are shown
in Fig. 4b and c, respectively. These images show that the
morphology of the obtained ZnO sample was a nanobullet
structure. The SAED pattern (inset of Fig. 4c) confirmed that
these ZnO nanobullets were single-crystalline in nature. Fig. 4d
shows the morphology of a typical nanobullet with around
30 nm width and 120 nm length. The cap of the nanobullets
possessed a cone structure with dimensions and forms identical
to that of ZnO nanocone sample described earlier. The HR-TEM
image of the marked edge of the nanobullets given in Fig. 4f
reveals these nanobullets were highly crystalline with a lattice
spacing of 0.26 nm, corresponding to the distance between (0002)
planes in the ZnO crystal lattice. This indicates that the ZnO
nanobullets are grown along the c-axis of the [0001] direction, a
phenomenon frequently observed for wurtzite-structured materi-
als. Based on the above characterization, a model of the ZnO
nanobullet sample is shown in Fig. 4e, exhibiting {101¯0} planes
for the six side surfaces and {101¯1} planes for the tip of the
bullet.
The formation of ZnO nanobullets involves two synthetic
mechanisms (thermal decomposition and aminolysis) within two
reaction stages. In the first stage, ZnO crystal seeds were
produced by the thermal decomposition of Zn(OAc)2 at high
temperature (210 uC). TEM images show that these ZnO
nanocrystals self-assembled with plate-like morphologies which
Fig. 3 TEM images of as-prepared ZnO nanocones measured at
different reaction stages: (a) 1 h, (b) 3 h, (c) 8 h and (d) 24 h.
Fig. 4 (a) XRD pattern of the powder synthesized from Zn(OAc)2 in
benzyl ether/benzylamine solution through two steps at 210 uC (BA/Zn2+
molar ratio = 10). (b) FE-SEM image of the prepared product, the scale
bar is 100 nm. (c) TEM image of the as-prepared ZnO nanobullets and
the SAED pattern along the [011¯0] axis (inset). (d) Enlarged TEM image
of an individual nanobullet with 30 nm width and 120 nm length. (e)
Schematic model of a ZnO nanobullet. (f) HR-TEM image of the area
indicated by the red dash circle in (d).
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were composed of hexagonal particles (Fig. S3a). In the second
stage, the injection of benzylamine accelerated the nucleation
and growth of ZnO crystals through both thermal decomposi-
tion and aminolysis routes. It was notable that the final product
was bullet-like, indicating the initial hexagonal morphology
controls the main morphology. This formation could be due to
the higher growth rate of ZnO at 210 uC in the presence of
benzylamine. As the reaction proceeded further, the concentra-
tion of Zn2+ decreased and so to a certain degree the growth rate
was likely to slow down so that {101¯1} planes were created in the
same way as ZnO nanocones.
To exploit the influence of benzylamine on the ZnO
morphology, the BA/Zn2+ molar ratio was reduced from 10 to
1, which was less than the stoichiometric ratio of the aminolysis
route. Fig. 5a shows the XRD pattern of the prepared product,
which could be indexed as a pure wurtzite ZnO structure
(JCPDS No. 36–1451) with calculated lattice constants of a =
0.3248 nm and c = 0.5212 nm. Fig. 5b–d displays the FE-SEM
image and the TEM images of the obtained ZnO sample,
exhibiting rounded-ends to the nanorod structure. The SAED
pattern obtained and shown in the inset of Fig. 5c confirmed the
single crystalline nature of the nanorod material. The HR-TEM
image in Fig. 5f showed that the long-edge of the nanorods had a
lattice spacing of 0.26 nm, corresponding to the interspacing of
the (0002) planes. This indicates that the growth direction of the
ZnO nanorods was along [0001] axis, which was the same as that
of ZnO nanobullets. Fig. 5e is a schematic model of the ZnO
nanorod sample form, where it is clear that a large area or
percentage of {101¯0} planes is exposed. By comparing with ZnO
nanobullets, it was obvious that the tip of bullets did not form
when the BA/Zn2+ ratio was reduced to 1. This indicated
excessive benzylamine acted as capping agent in the case of ZnO
nanobullets while its main contribution was to accelerate the
ZnO growth in the case of ZnO nanorods.
From the above investigation, we understood that the thermal
decomposition of Zn(OAc)2 tended to produce plate-like ZnO in
benzyl ether. On the other hand, benzylamine acted as both a
reaction regent and a capping agent in the aminolysis route. To
further exploit the effect of the different synthesis routes on ZnO
morphology, we examined a mixture of Zn(OAc)2, benzylamine
(BA/Zn2+ molar ratio = 40) and benzylether, heated rapidly to
220 uC and then kept refluxing for 5 h. After the reaction, a white
powder product was obtained and the XRD pattern (Fig. 6a)
confirmed it was a pure wurtzite ZnO structure with calculated
lattice constants of a = 0.3249 nm and c = 0.5212 nm. Compared
to other XRD peaks, the relative intensity of (002) diffraction
peak in this sample was obviously greater than that of ZnO
nanocone, nanobullet and nanorod samples, presumably reflect-
ing that the {0001¯} facet was preferentially exposed. Plate-like
ZnO nanostructures with around 250 nm width and 40 nm
thicknesses were observed in the FE-SEM images of Fig. 6b.
Fig. 6c, d displays the TEM images of the obtained ZnO sample,
confirming the nanoplate structure. The inset of Fig. 6c shows
the SAED pattern of the ZnO nanoplates which confirmed the
single crystalline nature of these nanostructures. The HR-TEM
image of the area marked in Fig. 6d is shown in Fig. 6f. The HR-
TEM image shows 2D lattice fringes with spacing of 0.28 nm,
which is in agreement with the interspacing of the {101¯0} planes.
These observations identified the 2D plate-like structures formed
with {0001} surfaces exposed. The corresponding model of the
ZnO nanoplate was shown in Fig. 6e.
For these ZnO morphologies, we found that the rapid increase
of temperature and the amount of benzylamine were critical for
the synthesis of ZnO nanoplates. In this case, the temperature
was rapidly increased to 220 uC in 5 min. If the reaction mixture
was heated by increasing the temperature slowly (y5 uC min21)
and then kept at 220 uC for 5 h, uncompleted ZnO nanocones
were obtained instead (Fig. S4).{ This suggests that the rapid
increase of the temperature favors the formation of ZnO
nanoplates, i.e. the growth rate along the a, and b axes is faster
than the c axis in the thermal decomposition route. Therefore,
the obtained ZnO plates were the basal part of the ZnO cones. In
addition to temperature control, the BA/Zn2+ ratio also affected
the formation of ZnO nanoplates. A large excess of benzylamine
(BA/Zn2+ molar ratio = 40) was required for the preparation of
ZnO nanoplates. When the ratio was reduced to 10, only ZnO
Fig. 5 (a) XRD pattern of the powder synthesized from Zn(OAc)2 in
benzyl ether/benzylamine solution through two steps at 210 uC (BA/Zn2+
molar ratio = 1). (b) FE-SEM image of the prepared sample, the scale bar
is 100 nm. (c, d) TEM images of the as-prepared ZnO nanorods and the
SAED pattern (inset of c). (e) Schematic model of the ZnO nanorod
sample. (f) HR-TEM image of the edge of the ZnO nanorods.
Fig. 6 (a) XRD pattern of the powder synthesized from Zn(OAc)2 in
benzyl ether/benzylamine solution by refluxing at 220 uC (BA/Zn2+ molar
ratio = 40). (b) FE-SEM image of the prepared product and an enlarged
image (inset), the scale bars are 1 mm and 100 nm, respectively. (c) TEM
image of the as-prepared ZnO nanoplates and the SAED pattern along
[0001] beam axis (inset). (d) Magnified TEM image of two stacked ZnO
nanoplates. (e) Schematic model of the ZnO nanoplates sample. (f) HR-
TEM image of the area indicated by the red dash circle in (d).
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nanobullets were obtained following the same procedure as the
preparation of ZnO nanoplates. This suggests that the extra
benzylamine inhibited the growth along the [0001] direction
because benzylamine stabilized the polar surface of {0001}
planes, probably by coordinating with the Zn2+ sites.
The relative photocatalytic activities of the as-prepared ZnO
nanostructures were evaluated by measuring the degradation
rate of aqueous Rhodamine B solutions in the presence of UV
light radiation. The temporal UV-vis spectral changes of Rh B
aqueous solutions as a function of irradiation time are shown in
Fig. S5. The absorbance of both UV and visible regions
decreased with increased UV irradiation time. Fig. 7 shows the
normalized concentration (with respect to the optical absorbance
measurements at 554 nm) of the Rh B solution containing 20 mg
of ZnO catalyst under UV light irradiation (initial concentration
of Rh B (Ci): 5.0 6 10
25 mol L21). In the absence of a catalyst
the concentration of the Rh B solution was almost constant
during UV irradiation, which confirmed the photostability of the
Rh B. It was also demonstrated that ZnO nanocones exhibited
the highest photoactivity among the four samples. For compar-
ison, an identical experiment was conducted in the dark and the
data is given in Fig. S6.{ Compared with the dark reaction, the
catalytic activity was dramatically enhanced by the presence of
light. To evaluate the photoreactivity quantitatively, the surface
area of the different ZnO nanocrystals and the reaction rate
constant (k) of Rh B degradation were determined and are
summarized in Table 1 and Fig. S5f.{ It is shown that the
reaction rate was dramatically greatest for ZnO nanocones under
UV-light illumination. The reaction rates were relatively smaller
and slightly different for the other three ZnO nanostructures in
the order of bullets . plates . rods. To explore the intrinsic
photoactivity, the reaction rate constant (k) was also normalized
to the specific surface area, referred to ks. Table 1 illustrates that
ZnO cones exhibit the greatest photoactivity with ks = 32.8 6
1024 min21 L m22, while ks is 7.82 6 10
24 min21 L m22,
4.13 6 1024 min21 L m22 and 2.20 6 1024 min21 L m22 for
nanoplates, nanobullets and nanorods, respectively. Considering
the different exposed facets of each nanocrystal, we could
conclude that the {101¯1} crystal facets have the highest activity
compared with {0001} and {101¯0} facets. Although the normal-
ized reaction rate constant of ZnO plates was slightly higher than
that of ZnO bullets, it is difficult to evaluate the relative
photoactivities of {0001} and {101¯0} planes in this case, because
the {101¯1} crystal plane contributed to photoactivity in both
these two samples. Therefore, the relative photoactivities of the
ZnO catalyst crystal facets were in the order of {101¯1} ..
{0001}, {101¯0}.
It is generally accepted that the reactivity of a metal oxide
photocatalyst is determined by the amount of ?OH radicals
formed upon UV irradiation.36 Because of their powerful
oxidation abilities, ?OH radicals are often regarded as the most
important active species for the degradation of organic dyes.
Studies have shown that the polar Zn (0001) plane is more
reactive than O (0001¯) or nonpolar {101¯0} planes because an
abundance of OH2 adheres to the low-coordinate Zn sites of this
crystal plane to form highly active ?OH radicals.45 However, this
suggestion does not completely explain the results obtained here.
For the ZnO nanocone sample for instance, the exposed {101¯1}
facet was O terminated while it exhibited the highest photo-
activity. Fig. 8 depicts atomic models of polar {0001} facets with
a Zn and O termination layer, non-polar {101¯0} facet and the
{101¯1} facets. It is noted that a {101¯1} facet possesses ridge-and-
valley topography with O termination and where the surface O
atoms alternate between two-coordinated and three-coordinated
sites, while surface Zn and O atoms in other models are all three-
coordinated. Since low-coordinated O atoms are generally
saturated by H atoms via O…H–O–H hydrogen bond forma-
tions in aqueous solution, we suggested that two-coordinated O
atoms are the more active hydrogen bond forming sites which
thus produce more ?OH radicals under UV irradiation. This
suggestion explains the reason why {101¯1} facets have higher
activity than that of {0001} and {101¯0} facets.
We note that recent research has highlighted how the
photoreactivity of anatase TiO2 crystals is not only determined
by differences in the coordination of atoms of particular crystal
facets, but also by their surface electronic structures.47,48 This
was clearly demonstrated when the band gap and valence-band
maxima of three different facet-exposed TiO2 crystals were
examined by UV-vis absorption and X-ray photoelectron
spectra. Cooperative effects of surface atomic coordination and
band structure ultimately determined the photoreactivity order
of {001}, {101} and {010} facets for TiO2 nanocrystals. We
therefore expect that the photoreactivity of ZnO crystals in this
work is likely to be influenced by a contribution from the surface
electronic structures as well. In aqueous solution, these factors
will combine to determine the relative amounts of ?OH radicals
generated at different facets of the ZnO photocatalyst under UV
light irradiation.
Conclusions
In summary, we report a method to synthesize facet-controlled
ZnO nanocrystals through an aminolysis route in a non-
hydrolytic medium. This method allows the control over ZnO
nanostructures without the use of surfactant or additives to assist
the shaping. The exposed crystal facets of four ZnO nanocrystals
Fig. 7 Photodegradation of Rh B on ZnO nanocrystals with different
morphologies under UV irradiation (blank: photo-degradation of Rh B
without ZnO samples). Reaction conditions: Rh B concentration 5.0 6
1025 mol L21; catalyst concentration 1.0 g L21; 100 W UV-Lamp (l =
365 nm).
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were simply controlled by varying the reaction temperature and
reactant ratio. Based on the experimental results, we proposed
likely formation mechanisms for each ZnO nanostructure. The
photocatalytic activities of the ZnO nanocrystals were markedly
different for the different morphologies, i.e., dependent on the
exposed crystal facets. By estimating the surface area of each
nanocrystal and the relative reactivity of the crystal facets, we
found that {1011} has a much higher photoactivity than {0001¯}
or {101¯0} crystal facets. This was because the surface low-
coordinated O atoms are more likely to be saturated by H atoms
in aqueous solution, releasing more OH free radical under
irradiation, which is a critical species for photocatalysis.
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